moter activity. The nos gene has also been used as a control in several experiments for studying cis regulatory elements since expression of the nos gene was considered to be constitutive in plants (16, (23) (24) (25) . However, it has not been adequately studied whether this T-DNA gene is indeed constitutive or regulated by developmental or environmental factors. In this study, we report that the nos promoter activity is organ specific and developmentally regulated.
MATERIALS AND METHODS
Bacterial Strains. Escherichia coli strain MC 1000 (7) was used as the host for routine cloning experiments. Agrobacterium strain LBA4404 (17) , carrying an avirulent helper Ti plasmid pAL4404, was used for maintenance of plasmids and transformation of tobacco cells.
Plasmid Construction. pGA658 and pGA663 were made by inserting the 796 bp BamHI-Bglll fragment of pGA425 (4) carrying the coding region of chloramphenicol acetyltransferase (cat) gene into the BglIl site of pGA642 and pGA643 (2), respectively. pGA642 is an expression Ti-plasmid vector which c ac -. s...fQl.A.
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Several Agrobacterium genes located within the T-DNA2 of Ti plasmids are readily expressed in plant tissues upon transfer to the plant chromosome (9, 14) . The nopaline synthase (nos) gene is located at the right border of the T-DNA and is expressed in several plant species (8, 18) . The nos protein catalyzes the synthesis of nopaline from arginine and a-ketoglutaric acid (11) . Recently the gene and its control regions have been widely used for transformation studies. Observations of nos activity were often used for the indication of stable transformation of plants (22) . Furthermore, the promoter and terminator are widely used to express foreign genes such as drug resistance markers for the construction of plant selectable markers (4, 6, 12, 15) . Three cisacting regulatory elements necessary for efficient expression in tobacco calli have been identified in the 5' control region of the nos promoter (3, 10) . The TATA and CCAAT box homologies, that are found in many eukaryotic promoters, are also important for efficiency of the nos promoter activity. Deletion Differential nos Promoter Activity During Seedling Development. The nos promoter activity was monitored in 6-d-old and l0-d-old light-grown seedlings by measuring the CATase activity using equivalent amounts of protein extracted from roots, hypocotyls, and cotyledons (Fig. 1, A and B) . The promoter activity was about two-to threefold higher in roots compared to hypocotyls. An activity compared to the 6-d-old seedlings, but the relative promoter strength between different organs remained the same. Transgenic seedlings carrying the 35S promoter-cat fusion did not exhibit a significant differential expression in these organs (Fig. lC) .
Developmental Regulation of the nos Promoter. In order to examine whether the nos promoter is also differentially expressed during further growth, transgenic tobacco plants containing the nos-cat fusion molecule were grown aseptically in an MS medium supplemented with 3% sucrose and CATase activity was measured in various tissues (Fig. 2A) . The nos promoter was highly active in cotyledons and lower leaves whereas it was weakly expressed in upper leaves. As shown in Figure 2B the promoter was also active in other tissues and the promoter-activity gradient was maintained in petioles and stems. Plants at different growth stages displayed a similar trend that the nos promoter is more active in older tissues. There was no correlation between the size of the leaf and the promoter strength. The largest leaf of the 10-leaf stage plant was the sixth, which carried about 10% ofCATase activity compared to the cotyledons and 30% of the lowest leaf. Such a profound difference in the promoter activity was not found in transgenic tobacco plants carrying the CaMV 35S-cat molecule (Fig. 2C) . The CaMV 35S promoter was almost equally active in the different leaves regardless of the position and about two-to threefold stronger in petioles, stems, and roots than in leaves.
Transcriptional Regulation of the nos Promoter. In order to verify that the CATase activity is reflective of the mRNA levels, total RNA was prepared from various tissues and hybridized with a 32P-labeled DNA probe containing the cat coding region. The result shown in Figure 3 indicates that the relative amount of cat mRNA in leaves and cotyledons is in agreement with the CATase activity found in the corresponding organ.
Differential nos Promoter Activity in Greenhouse Grown Plants. The above results were obtained from sterile plants grown under a relatively low light intensity on a synthetic growth medium supplemented with a high concentration of sucrose. To test whether a similar differential expression is maintained in plants grown under more natural conditions, greenhouse grown plants were examined. As observed with young plants grown in the laboratory, the greenhouse grown plants displayed an overall similar distribution of the nos promoter activity (Fig. 4) . At least several hundredfold higher promoter activity was detected in the lowest leaf compared to the upper leaves. Such a gradient was also found in petioles and stems (data not shown).
In order to examine whether the nos promoter is differentially expressed depending upon the position or tissue types within a leaf, two leaves from the greenhouse-grown plant shown in Figure  4 were subsampled and CATase activity was measured. The results indicated that the promoter activity was differentially distributed within a leaf. The midribs had four-to fivefold stronger expression than the leaf blades (Fig. 5A ). In the lower leaves, however, the promoter was more active in leaf blades than in midribs (Fig. 5B) . The results also showed that the apical parts of leaf blades contained higher CATase activity compared to the basal parts. It appears that the higher promoter activity found in the lower leaves is mainly associated with cells in leaf blades.
Organ Specific Expression in Flowers. The typical promoteractivity gradient was retained in tobacco plants throughout the entire growth stage. However, the overall strength of the promoter was significantly decreased at the flowering stage. There was very little CATase activity in the upper part of the plant including the flower buds. However, the promoter activity in flowers significantly increased during flower development and became highest at anthesis (Figs. 6A and 7) . In flowers most of the nos promoter activity was associated with calyx, corolla, and stamens. At anthesis, the corolla retained several hundredfold higher CATase activity than styles which showed the lowest promoter activity, whereas the difference of the CaMV 35S promoter activity in flower organs was within fourfold range (Fig. 6B) . The accumulation pattern of the CATase activity driven by the nos promoter was significantly different in various flower organs (Fig. 7) . In calyx, the nos promoter activity was slightly increased at the early flowering stage and remained at an 550 AN ET AL. DEVELOPMENTAL REGULATION OF NOPALINE SYNTHASE PROMOTER almost identical level after anthesis (Fig. 7b) . In corolla and stamens, the promoter activity was strongly regulated during development. The nos promoter activity in corolla increased rapidly during flower maturation and remained at the higher level after anesthesis. The promoter activity decreased in corolla during flower senescence (Fig. 7a) . Similarly, the promoter was most active in filaments at anthesis and gradually decreased afterward (Fig. 7d) . In anthers, the highest promoter activity was observed a few days before anthesis. After anthesis, pollen was released and the promoter activity decreased (Fig. 7c) . In pistils and pedicels a low level of the promoter activity was observed before anthesis and slightly increased afterward (Fig. 7, e, f, and   g ).
Organ Specific Expression in Fruit. As observed in flowers, the nos promoter displayed organ-specific and developmentally regulated expression in tobacco fruits during seed development (Fig. 8) . In seed and placenta, the promoter activity was low at the early stage of embryogenesis (until 9 d after pollination). However, the promoter became at least 10-fold more active during the midstage of embryo development and the activity gradually decreased at the late stage. A similar increase in the promoter activity was also observed in pericarp, although the level was much lower compared to the other fruit organs. The promoter activity in calyx was high during the early stage and decreased gradually at midembryogenesis stage. a high level of plant growth substances are produced by the T-DNA genes. However, the characteristics of the individual T-DNA genes in differentiated plant cells are not well understood. Although the nos gene and its control regions are frequently used for plant transformation experiments, the expression pattern of the gene in various organs and developmental stages has not been studied in detail. It has been generally considered that the nos gene is expressed constitutively in plants. In this study we have demonstrated that the activity of the nos promoter is organ specific and developmentally controlled.
The promoter activity varied in different tissues of young seedlings. As the seedlings matured, the overall promoter strength increased while maintaining the pattern of the differential activity. When plants developed to multileaf stages, the promoter strength was maintained at a high level in the lower parts, but it gradually decreased toward the upper parts ofplants. This vertical gradient was found in leaves, stems, and petioles, and was maintained throughout the growth until the flowering stage when the promoter activity decreased in all the vegetative organs.
The promoter activity was differential within a leaf and the expression pattern of each leaf was different depending on position. Midribs were primarily responsible for the activity in middle leaves whereas leaf blades retained a high activity in the lower leaves. Therefore, the vertical promoter gradient found in tobacco leaves is mainly due to the promoter activity in leaf blades especially in the apical parts of the leaf.
Young flowers retained a weak nos promoter activity. Most of the activity was found in the calyx. However, expression of the promoter increased rapidly in stamens and corolla during flower development and decreased upon senescence. Such a temporal gene expression was also found during fruit development. The promoter activity remained at a low level in placenta and seeds until the midstage of embryogenesis when the activity dramatically increased, whereas the promoter was active in calyx during the early stage and became weak at midembryogenesis.
The developmental regulation of the nos promoter observed in this work is probably not due to positional effects of the T-DNA insert in plant chromosomes since the same results were obtained from all the transgenic plants. The cat transcripts generated by either nos or CaMV promoter are almost identical and the level of expression driven by the CaMV 35S promoter did not show such developmental expression. Therefore, it is unlikely that the temporal and special expression of the nos promoter reported here is due to the differential stability of cat transcript or protein.
It is not known what factors control the complex pattern of the nos promoter expression in tobacco plants. Generally, the promoter activity was higher in mature organs compared to young organs, suggesting that some growth substances that are involved in maturation may play an important role in regulating the nos promoter. Preliminary results indicate that the cis-acting sequence controlling the flower specific expression is different from that regulating the vertical gradient in plants (S Ha, G An, unpublished observations), suggesting that the promoter diversity is caused by multiple factors.
Further studies of the mechanisms controlling the nos promoter activity during plant development may provide important information about plant gene regulation as studies of regulatory mechanisms of viral gene expression in bacteria and other eukaryotes have provided much information about their host gene regulation. Another T-DNA gene, the transcript 5 gene, has been shown to be tissue-specific (19) . This observation and our result suggest that other T-DNA genes may also be developmentally and/or environmentally regulated.
The nos promoter has been used for the construction of chimeric genes as dominant selectable markers for transformation of higher plants. Ti-plasmid vectors containing these mark-551 Plant Physiol. Vol. 88, 1988 ers are currently employed to transform a wide variety of plant species. The observation that nos promoter activity is differentially expressed in various organs indicates potential problems in regenerating transformants. Different plant species may exhibit a different pattern of nos promoter activity during development. Therefore, the method used for transformation of tobacco using a chimeric selectable marker that is under the control of the nos promoter may not be suitable for other plant species.
